Purpose-The purpose of this paper is to review exposure assessment issues that need to be addressed in designing and interpreting epidemiology studies of phthalates, a class of chemicals commonly used in consumer and personal care products. Specific issues include population trends in exposure, temporal reliability of a urinary metabolite measurement, and how well a single urine sample may represent longer-term exposure. The focus of this review is on seven specific phthalates: diethyl phthalate (DEP); di-n-butyl phthalate (DBP); diisobutyl phthalate (DiBP); butyl benzyl phthalate (BBzP); di(2-ethylhexyl) phthalate (DEHP); diisononyl phthalate (DiNP); and diisodecyl phthalate (DiDP).
INTRODUCTION
Epidemiology studies can and should play a key role in the evaluation of health effects of chemical exposures. Well-designed epidemiology studies, particularly when combined with toxicology research demonstrating biological plausibility, can be highly informative in drawing conclusions regarding risks to human health. Most human studies of environmental exposure and health outcome must rely on observational study designs, and populationbased observational study designs have inherent limitations as well as inherent strengths. A systematic method for assessing and categorizing relative quality of environmental epidemiology studies that may be used in the risk assessment process is needed (LaKind et al. 2014) .
One important aspect that needs to be carefully considered when critiquing and comparing environmental epidemiology studies is the exposure assessment approach used in each study. Exposure assessment has historically been considered the weakest component in most environmental epidemiology studies (Nieuwenhuijsenm 2003) due to a number of challenges that result in gaps between the exposure measure that is available for use in an epidemiology study and true biologically effective dose. These gaps are associated with varying degrees of exposure measurement error, which can be either systematic or random, and differential or non-differential with respect to the outcome of interest. Systematic error can result in biased effect estimates in either direction, whereas random error will nearly always bias effect estimates toward the null hypothesis (Armstrong 2003) . Systematic measurement error can typically be traced back to deficiencies in study design, participant recruitment, sample collection, and/or laboratory analysis. In contrast, all studies are certain to have at least some degree of random measurement error due to the lack of precise measures of the biologically effective dose at the target tissue for the entire duration of the relevant exposure. Characterization of the degree and direction of measurement error (e.g., via validity and reliability studies of exposures) is necessary to account for these errors, when possible, in statistical analyses and for the proper interpretation of environmental epidemiology studies.
Depending on the study and the exposure/disease relationship of interest, an exposure assessment may involve self-report, surrogate measures, exposure modeling, and/or quantitative measurements of pollutant sources, environmental media, or biological fluids. Measurements based on exposure biomarkers that lie closer to biologically effective dose on the environmental source-to-disease continuum are in many cases thought to be associated with less measurement error, especially for chemicals like phthalates that have many sources and multiple exposure pathways and routes. However, numerous factors can impact the utility of an exposure biomarker in environmental epidemiology and these factors should be carefully considered when using epidemiology data for risk assessment purposes.
The purpose of this paper is to review exposure assessment issues within the context of epidemiological studies of phthalates. Phthalates, the diesters of 1,2-benzenedicarboxylic acid (phthalic acid), are a class of synthetic chemicals that are used widely in industrial applications. Human exposure is widespread due to the common use of phthalates in consumer and personal care products (CDC (Centers for Disease Control and Prevention) 2010). Ingestion, inhalation and dermal contact are considered important routes of exposure for the general population but exposure source, pathway and route vary by phthalate due to differences in how they are used and chemical or physical properties (Meeker et al. 2009b) . Phthalates have short biologic half-lives, and are quickly excreted from the body. Most studies involving human health effects from phthalates include only a single exposure measure that may or may not reflect an individual's long-term exposure level. Because outcomes of interest may be influenced by the timing and duration of exposure, information on the temporal variability of phthalate exposure markers is needed to interpret the results from studies using only one measurement. Temporal variability in exposure can result from changes in exposure sources, such as diet and product use, as well as from variation in xenobiotic metabolism. Therefore, an individual's exposure level may depend on several factors, and levels may vary considerably over short time periods, such as days. Another consideration, however, is that consistent individual time-activity patterns from day to day and month to month coupled with stable microenvironmental phthalate concentrations (or stable concentrations in food) may lead to "pseudo-steady state" phthalate exposure levels over long periods of time (NRC (National Research Council) 2006).
Recent developments in analytical chemistry and epidemiology have led to an increase in the number of human studies of phthalates in the last 10-15 years. Since urinary biomarkers have been the most common method for assessing exposure in environmental epidemiology studies of phthalates to date, our aim was to review the current state of the science on the following issues relevant to determining study quality and aiding in interpretation of study results: 1) human data on phthalate metabolism patterns, known metabolites that are formed, and what portion of total exposure to the parent compound each of the commonly measured metabolites represent; 2) data on population trends in exposure over the past 10-15 years in the United States and in other countries; 3) human data on the agreement between urinary phthalate metabolite concentrations and phthalate levels measured in blood or other biologic matrices that may more closely represent target tissues of interest; 4) available data on the temporal reliability of a urinary metabolite measurement and how well a single urine sample may represent longer-term (months to a couple of years) exposure in non-occupational populations; and 5) correlations among metabolites of various phthalates, and correlations with bis-phenol A or other environmental contaminants. We also addressed additional issues related to the use of urinary biomarkers for assessing exposure to phthalates in epidemiology studies.
The focus of this review is on seven specific phthalates: 1) diethyl phthalate (DEP); 2) dinbutyl phthalate (DBP); 3) diisobutyl phthalate (DiBP); 4) butyl benzyl phthalate (BBzP); 5) di(2-ethylhexyl) phthalate (DEHP); 6) diisononyl phthalate (DiNP); and 7) diisodecyl phthalate (DiDP). The nomenclature and common abbreviations for these parent compounds and metabolites commonly measured in epidemiology studies are listed in Table 1. There are both commonalities and differences among phthalates in their uses and thus sources of exposures. All or most of these 7 phthalates are used, or have been used, as plasticizers in a variety of common industrial products and in tapes or adhesives. Many personal care products and cosmetics, such as fragrances, skin lotions, nail polish, and eye shadows, may contain some types of phthalates (e.g., DEP, DBP, DiBP) as a solvent, fixative or alcohol denaturant (ATSDR (Agency Kelley et al. 2012 ; NICNAS (National Industrial Chemicals Notification and Assessment Scheme) 2010). Other uses of phthalates have included vinyl flooring (BBzP, DiNP, DiDP) and medical tubing and devices (DEHP). Importantly, over the last decade, alternative chemicals have been increasingly substituted for polyvinyl chloride and/or certain phthalates (e.g., DEHP and DBP) in some consumer products (e.g., cosmetics and children's toys) and medical devices (e.g., blood storage bags) (Chiellini et al. 2013 ; CPSC (United States Consumer Product Safety Commission) 2010b). Thus, the above descriptions may not be entirely representative of the current phthalate content of these products.
METHODS
We searched PubMed in September, 2014 for any publications between 1950 and September, 2014 using multiple search strategies designed to capture papers relevant to the objectives described previously (Supplemental Table 1 ). Each search strategy included the phthalates of interest (including synonyms identified from ChemIDPlus) as well as additional keywords used to narrow the scope to the topics of interest. All keyword searches combined resulted in 908 unique citations; the title and abstracts (and when necessary, full text) were reviewed to determine relevancy to any of the topics. These searches were supplemented with auxiliary strategies including review of references in the identified papers and daily PubMed alerts to identify papers published subsequent to the initial search. Each study with data relevant to any of these topics was entered into a data file, with specific data extracted pertaining to the question (e.g., sample size, population, metabolites, intraclass correlation coefficient, method of urinary dilution adjustment). These studies are discussed in the relevant subsections in Section 1.3.
RESULTS

Metabolism Patterns and Metabolites
Following exposure and uptake, phthalates are rapidly metabolized and excreted in urine and feces. Phthalates typically undergo phase I hydrolysis followed by phase II conjugation, but metabolism patterns can differ by phthalate (Frederiksen et al. 2007) . In phase I the phthalate diester is hydrolyzed into the potentially more bioactive monoester metabolite by lipases and esterases in the intestinal epithelium, liver, blood and other tissues, and systemically distributed (Calafat et al. 2006a; Calafat et al. 2006b) . The monoester metabolites then: 1) undergo phase II biotransformation, catalyzed by UGTs (uridine 5'-diphosphate glucuronosyltransferases), to form glucuronide-conjugated monoesters that are excreted in the urine (Koch et al. 2005; Silva et al. 2003) ; 2) go through phase I biotransformation reactions (e.g., oxidation) to form more hydrophilic (and likely less bioactive) secondary oxidized metabolites prior to glucuronidation (Albro and Moore 1974; Barr et al. 2003) ; and/or 3) a portion of the unconjugated (free) monoester and/or secondary metabolites may also be directly excreted in urine.
Results from human studies of phthalate excretion patterns are presented in Supplemental Table 2 . The extent to which hydrolytic monoesters are further oxidized to secondary metabolites depends on the alkyl chain length of the parent compound. For the shorter chained phthalates (DEP, DBP, DiBP, BBzP), approximately 70-80% of an oral dose is excreted as the simple monoester metabolite in urine compared to less than 10% and 2% of long-chained phthalates DEHP and DiNP, respectively (Anderson et al. 2001 ; CPSC (United States Consumer Product Safety Commission) 2014; Koch and Angerer 2007; Koch et al. 2004; Koch et al. 2005; Koch and Calafat 2009; Koch et al. 2012) . The hydrolytic monoesters of long-chained phthalates (DEHP, DiNP, or DiDP) are further metabolized to oxidative side chain products such as alcohols, ketones, and carboxylic acids. Most hydrolytic monoesters are specific to a single parent diester with the exception of, for example, MCPP, a nonspecific metabolite of several long-chained phthalates, and MBP, a major metabolite of DBP and minor metabolite of BBzP. Notably, concerning the latter, since only a small proportion of total BBzP is excreted as MBP (6%, in high exposure conditions), exposures to DBP and BBzP can be assessed independently in population studies without major confounding effects (Anderson et al. 2001) . However, using hydrolytic monoesters as sole biomarkers of exposure to the longer-chained phthalates in environmental epidemiology studies will likely result in some degree of exposure misclassification (Hauser and Calafat 2005) . This is because hydrolytic monoesters of longer-chained phthalates, especially phthalate isomeric mixtures such as DiNP and DiDP, represent only a minor fraction of the total urinary metabolites excreted (Hauser and Calafat 2005) . For longer-chained phthalates, oxidized secondary metabolites are the primary metabolites excreted in human urine (Anderson et al. 2001 ; CPSC (United States Consumer Product Safety Commission) 2014; Koch et al. 2005) . The biological half-lives of the various phthalate metabolites have been estimated to be between approximately 3 to 18 hours.
Trends in Phthalate Exposures
In response to increasing scientific research and subsequent public concern about the toxicity of phthalates, various regulatory actions directed at restricting the use of certain phthalates in consumer products, particularly those concerning infants and children, have been recommended and/or enacted in the United States and abroad (Kamrin 2009 Zota et al. 2014 ). The varying degrees to which domestic and foreign governments have taken steps to limit use of certain phthalates in consumer products, coupled with the reformulation of products over time based on other factors, have important considerations for exposure assessment and population risk.
Time trends in various phthalate exposures have been reported using biomonitoring data from the United States (spot urine samples from a representative sample of the national population; (Zota et al. 2014) ) and Germany (24-hour samples from young adults collected as part of the German Environmental Specimen Bank; (Goen et al. 2011; Wittassek et al. 2007 )) (Supplemental Table 3 ). In the United States, the primary DEP metabolite, MEP, declined 42% from 2001 to 2010; the greater decline in adults and adolescents compared with children may reflect differences in personal care product use. BBzP metabolite concentrations also decreased in both countries. Smaller declines were seen with the DBP metabolite but, in contrast, an increasing trend in population exposure to DiBP has been seen. These trends may reflect the use of DiBP as a substitute for DBP in some products (CPSC (United States Consumer Product Safety Commission) 2010c; NICNAS (National Industrial Chemicals Notification and Assessment Scheme) 2008). DEHP metabolites concentrations declined in 2009-2010 in the United States; the decline in Germany was seen beginning in the mid-1990s. Helm (2007) found a nearly perfect correlation between daily intake of DEHP as estimated by Wittassek and colleagues (2007) and the annual industrial production of DEHP in Germany between 1988 and 2003 (Spearman's rho, r=0.94, p<0.001 ). An increase in DiNP metabolites was seen in the studies from the United States and Germany, likely a result of increased use in place of the more heavily regulated DEHP (Wittassek et al. 2007; Zota et al. 2014 ). Jensen and colleagues (2012) observed a similar decreasing trend in DEHP metabolites and increasing trend in DiNP metabolites measured in second-trimester amniotic fluid samples collected from Danish mothers between 1980 and 1996. These patterns may not apply to other countries, however. Chen et al. (2012) used environmental monitoring data (e.g., air, water, soil samples) to examine temporal and geographic variation in phthalate exposures in China. DEHP concentrations (the major component of the total phthalate measure) in air increased from 2000 to 2010, and were higher in the area that was the center of the developing plastics producing industry.
Biomarkers of Phthalate Exposure
Exposure biomarkers can have the advantage of being a measure of internal dose that accounts for all routes of exposure. This can be desirable in epidemiology studies of chemicals with multiple routes and pathways of exposure, but a disadvantage is that the biomarker is typically unable to singly discern how one was exposed to the chemical and whether the exposure was to the parent compound or the metabolite itself. High cost can be another disadvantage to using exposure biomarkers in environmental epidemiology studies, particularly for chemicals like phthalates that require highly sensitive and specific methods and instrumentation.
Many different types of biological specimens have been used for assessing environmental exposure to chemicals. Phthalates or their metabolites have been measured in urine and blood (serum or plasma), as well as saliva, sweat, semen, breast milk, amniotic fluid, and umbilical cord blood. However, measured concentration and detection rates in matrices other than urine are often much lower compared to urine. The measurement of phthalate metabolites in urine is the most common exposure biomarker used in epidemiology studies, and offers many advantages over measuring the diesters or their metabolites in blood. These advantages include: ease of sample collection, larger sample volumes of urine compared with other matrices, higher concentrations of the metabolites, and reduced potential for contamination by the parent diester and subsequent formation of metabolites by enzymes present in blood (Koch and Calafat 2009 ). In addition, for several phthalates, including DEHP, the monoester metabolite is thought to be more biologically active than the parent diester (CDC (Centers for Disease Control and Prevention) 2010).
Moderate to strong correlations between urine and serum concentrations (i.e., correlation coefficients between 0.45 and 0.90, with most between 0.55 and 0.65) have been reported for the secondary metabolites of DEHP and for the primary metabolite of DEP (Frederiksen et al. 2010; Hines et al. 2009; Hogberg et al. 2008; Kato et al. 2004) , with somewhat lower correlations (r = 0.37 and 0.39) between these matrices for metabolites of DiBP and DiNP (Frederiksen et al. 2010) (Table 2 ). These studies were conducted in adult women and men (general population) and in postpartum women. Oral dosing studies in humans have shown that DEHP metabolite concentrations peak in serum within several hours of exposure (after approximately 2 hours) and then rapidly decline (Koch et al. 2005; Koch et al. 2006) . Reflexively, urinary metabolite concentrations rise, with almost all of the orally administered dose excreted by 24 hours after exposure (Koch et al. 2005; Koch et al. 2006 ). At the individual-level, significant correlations between phthalate metabolite concentrations in serum and urine collected at the same time may not be expected, but at the populationlevel among individuals continuously exposed to these ubiquitous chemicals, moderate to strong correlations between concentrations in these two matrices are plausible.
Additionally, one study reported a strong correlation between the primary DEP metabolite in urine and semen samples (r=0.75) (Frederiksen et al. 2010) , but the concentration of metabolites of other phthalates in the semen samples were too low to support this type of analysis. Lin et al. (2011) examined metabolites measured in maternal urine samples collected during the third trimester, cord blood, and breast milk in 30 women. Weak to moderate correlations (ranging from 0.1 to 0.5) between maternal urine and cord blood metabolites of DEHP and DiNP were seen, but negative correlations were seen between urine and cord blood metabolites of the other phthalates and between urine and breast milk measures for all of the metabolites (Table 3) . Although limited in number (of studies, and in most cases in sample size), these studies suggests that exposure biomarkers measured in urine samples may be reasonable indicators of certain phthalate levels in other (and potentially more biologically relevant) compartments, but that cord blood and breast milk samples may not reflect exposures during gestation.
Temporal Variability in Urinary Phthalate Metabolites
Because phthalates are metabolized and excreted rapidly, concentrations in a single urine sample reflect exposure to the parent compound or the metabolite itself in the preceding hours or days depending on the phthalate. Thus, there is concern when interpreting environmental epidemiology studies, specifically among non-occupational populations, as to how representative a single sample is for longer-term exposure (e.g., months to a couple of years) relevant to the health outcome of interest. In addition, most studies rely on spot urine samples due to logistical issues surrounding more time-integrated samples.
Variability in phthalate metabolite concentrations by time of day has been examined in several studies ranging in size from 8 to 267 participants (Supplemental Table 4 ); MEP and DEHP metabolites have been examined most often, with more limited data available for other phthalates. Preau and colleagues (2010) reported that for both MEP and MEHHP for all spot urine samples collected, the within-day variance was higher than the between-day variance contribution (to the total variance) for each adult participant (Preau et al. 2010) . Results from studies investigating the effect of time of day of sample collection showed that concentrations of the DEHP metabolites tended to increase between morning and evening, while there was less consistency in the results for MEP among these studies (Cantonwine et al. 2014; Fisher et al. 2014; Meeker et al. 2012; Preau et al. 2010) . These patterns likely reflect differences in the primary source of exposure to these chemicals (i.e., dietary intake and personal care products, respectively for DEHP and DEP). Fasting time may also be important to consider for DEHP (Aylward et al. 2011) . In a controlled 48-hr fasting study, DEHP, DINP, and DiDP metabolite concentrations in urine declined and remained low during the fasting period, while MEP, MBzP, MBP, and MiBP concentrations followed a more cyclical pattern (Koch et al. 2013 ).
These issues with respect to temporal variability of phthalate metabolite concentrations over the course of a day (or in relation to time since specific types of exposures), raise questions about the optimal choice of exposure measures or sampling time in epidemiology studies. Preau et al. (2010) reported that the collection of first-morning and 24-hour urine samples did not reduce the within-individual variability in MEP or MEHHP over the course of one week compared to spot urine samples, and concluded that larger studies should devote resources to collecting multiple spot samples for each individual rather than collecting 24-hour voids. A two-stage approach to modeling phthalates in relation to health effects has been proposed, where phthalate concentrations are first standardized for time of day and other sources of variability prior to regression analysis with a health outcome (Mortamais et al. 2012 ). However, even though phthalate metabolite concentrations are associated with time of day at the population level, it is not likely that these concentrations would follow the same pattern or time course for every individual. Thus, whether or not this approach reduces or adds random error has not been determined.
If a spot urine sample is used, how reliable is it as a measure of the relative exposure level of an individual? A number of studies have collected repeated spot or first morning urine samples from the same individuals to assess the degree of temporal variability in those measures. The most common measure of temporal reliability is the intraclass correlation coefficient (ICC), which is the amount of between-individual variance divided by the total (between individual plus within-individual) variance. An ICC near zero represents very poor temporal reliability (i.e., poor reproducibility) in a person's phthalate metabolite concentration over time due to high within-individual variability, whereas an ICC of 1.0 would reflect perfect temporal reliability.
The ICCs for phthalate metabolites, based on spot and first morning urine samples collected across a week to several months, range from weak (<0.4) to moderate (0.4-0.75) (Supplemental Table 5 ), with a tendency toward higher ICCs (greater temporal stability) for metabolites of the shorter-chained (DEP, DBP, DiBP and BBzP, ICCs generally 0.3 to 0.6, Figure 1 ) compared with those of the longer-chained (DEHP, DiNP, DiDP, ICCs generally 0.1 to 0.3, Figure 2) phthalates. This pattern may reflect differences in exposure sources for these two groups, where exposure to the shorter-chained phthalates stems from sources that may be more consistent day-to-day for an individual such as use of personal care products (e.g., DEP, DBP, DiBP) and/or time spent in environments with phthalates present in building materials such as flooring (e.g., BBzP), compared to the longer-chained phthalates for which exposure is primarily through the diet. MCPP, an oxidized metabolite of di(noctyl) phthalate (DnOP), DBP, and several long-chained phthalates (Calafat et al. 2006a) had ICCs ranging from 0.13 to 0.59.
Only two of the studies examined ICCs over a period of time longer than 6 months (Townsend et al. 2013; Watkins et al. 2014) , with most studies spanning < 3 months. There is a tendency toward higher ICCs in the studies with the shorter time interval (e.g., ≤ 4 weeks), but it is difficult to draw conclusions on long-term stability given the limited data available. The baseline collection period in the study by Townsend et al. (2013 Townsend et al. ( ) was 2000 Townsend et al. ( -2001 Townsend et al. ( and 1996 Townsend et al. ( -1999 respectively, for Nurses Health Study and Nurses Health Study II participants), with follow-up 1-3 years later; this may have been a period of relative stability in terms of phthalate-content of products, compared to the changes seen more recently. There were no clear patterns in temporal reliability when comparing results among select subgroups, such as children or pregnant women, though ICCs among children for MEP were on the low end of the range for that metabolite. A lower ICC in children could be related to differences in personal care product use, as children may have less frequent and consistent contact with DEP-containing product than adults; this may be supported by the finding that children have been shown to have lower urinary MEP concentrations compared to adults in the United States National Health and Nutrition Examination Survey (NHANES) study (CDC (Centers for Disease Control and Prevention) 2010).
Since many epidemiology studies analyze exposure as a categorical, rather than a continuous variable, several reports have also assessed the sensitivity and specificity of using one or more samples to properly categorize or rank longer-term exposure. In a study in adult men attending an infertility clinic, the sensitivity for a single sample to correctly classify the highest exposure group (top tertile) based on 3-month average metabolite concentrations ranged from 0.56 (MEHP) to 0.67 (MEP and MBP) (Hauser et al. 2004) . In pregnant women living in New York City, the sensitivity for a single sample correctly predicting someone above the median based on repeated samples collected over the pregnancy was 0.50 for MiBP, and ranged from 0.60 to 0.74 for MCPP, MEP, MBP, MBzP, and metabolites of DEHP (Adibi et al. 2008) . A more recent study among pregnant Canadian women reported similar sensitivities, though they were somewhat higher for several metabolites (Fisher et al. 2014) . The ability for a phthalate metabolite concentration measured in a single sample to reliably rank individuals according to longer-term exposures have also been demonstrated using a surrogate categories analysis approach in women (Peck et al. 2010) , children (Teitelbaum et al. 2008) , and men (Hauser et al. 2004 ). Finally, a Korean study of elderly participants that collected up to 5 urine samples over the course of three years reported moderate to strong correlations (ranging from 0.45 to 0.79) between single MBP or summed DEHP metabolite concentrations from a single sample and the five-sample average concentration (Kim et al. 2013) . While results from these sensitivity and surrogate category calculations suggest that a single sample may adequately represent one's exposure category over several months or possibly even up to a couple of years, the measurement of phthalate metabolites in multiple urine samples from the same individual would serve to further reduce exposure misclassification.
Correlations Among Phthalates and Correlations with Co-Exposures
Multiple phthalates may be correlated with one another if they are used in the same applications and thus share exposure sources. This could create issues with potential confounding and in the interpretation of results for individual phthalates if exposures to the other phthalates that are correlated with the phthalate in question were not taken into consideration. We examined this question using five cycles (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) of the publically available NHANES data, a representative sample of the United States population. We also examined similar analyses in studies focusing on two specific populations (pregnant women and children) with 150 or more participants, and which explicitly delineated measures of MiBP and MBP (Table 4 ). Very strong correlations (i.e., r > 0.9) were seen among secondary oxidative metabolites of DEHP. In general (i.e., except for the study from China by (Wang et al. 2013) , moderate correlations (e.g., r = 0.5 to 0.7) were seen between MBP and MiBP. Relatively weak correlations (e.g., r < 0.3) were seen between MEP and the DEHP metabolites, with somewhat stronger correlations (r=0.3 to 0.4) seen between MEP and MnBP, MiBP, and MBzP. The correlation between MBzP and other metabolites (MnBP, MiBP) generally ranged from 0.5 to 0.7, with lower correlations seen between MBzP and the metabolites of DEHP (general range from 0.2 to 0.5); lower correlations were seen in the study by (Ferguson et al. 2014b ). Because of geographic and temporal differences in the use of products and in the phthalate content of specific products, generalization of patterns from one setting or time to others may require additional data.
There is also some concern for the potential of confounding between phthalates and health outcomes if the phthalate of interest is strongly correlated to a different chemical that may be independently associated with the same outcome. One example is that of DEP, for which exposure is thought to primarily come from the use of personal care products, but which may also contain other biologically active chemicals. A limited number of studies have reported correlations coefficients ranging from zero to 0.5 between phthalates and parabens or environmental phenols in children and adult women, with the strongest correlations for MEP Tefre de Renzy-Martin et al. 2014) . Patel et al. (2012) examined correlations among 188 blood and urine biomarkers of environmental exposures using 4 NHANES cycles. The 26 classes of compounds included phthalates, heavy metals, hydrocarbons, volatile compounds, and polychlorinated biphenyls (PCBs). The mean interclass correlation (Pearson r, creatinine-adjusted) between the phthalate metabolite and hydrocarbon measures was 0.2, with lower correlations seen between phthalates and the other classes.
Other Considerations for Urinary Biomarkers: Dilution Adjustment
There are a number of additional factors that need to be considered when using urinary phthalate metabolites as biomarkers of exposure. One major limitation to measuring biomarkers in spot urine samples compared to blood is that the concentration of an analyte in urine is dependent on the degree of urine dilution; samples collected from well-hydrated individuals will have a lower concentration of a given analyte per unit volume than a dehydrated individual. Several approaches to account for urinary dilution have been incorporated into exposure and epidemiology studies. Historically the most common approach to account for urine dilution is to measure the concentration of creatinine in the urine sample, and correct the mass of the analyte by the mass of creatinine from the same sample. The concentration of creatinine, a breakdown product of muscle metabolism, in urine is thought to be a relatively stable indicator of renal elimination rate (Boeniger et al. 1993) . However, creatinine levels vary by gender, age, muscle mass, race, diet, activity, season, and time of day. Furthermore, dilution adjustment with creatinine is not appropriate for compounds that undergo active tubular secretion (Boeniger et al. 1993) . Previous research has shown that terephthalic acid -one of three phthalic acid isomers, another being ortho-phthalic acid which is commonly referred to as "phthalates" in the literature as well as the present discussion -is both actively secreted and actively reabsorbed by the kidney (Tremaine and Quebbemann 1985) . Since organic compounds such as phthalates can be conjugated by the liver in the form of glucuronides or sulfates that are subsequently actively excreted by the renal tubules, creatinine adjustment may not be appropriate for these compounds (Boeniger et al. 1993) . Urinary specific gravity, in contrast, is the ratio of densities between a urine sample and pure water. Specific gravity is typically correlated with creatinine concentration, and adjusting urine metabolite concentrations to specific gravity may be susceptible to some of the same factors as creatinine, especially size, diet and sweating. However, specific gravity is not as influenced by individual factors compared to creatinine (Pearson et al. 2009; Sauve et al. 2015; Suwazono et al. 2005) . The use of specific gravity over creatinine may also decrease some variability associated with urine flow (Boeniger et al. 1993; Elkins et al. 1974) . Recent studies have concluded that specific gravity is superior to creatinine, demonstrated in studies using urinary biomarkers in children (Pearson et al. 2009 ) and in occupational cohorts (Sauve et al. 2015) , based on the sources of variability in creatinine listed above, in addition to the fact that specific gravity is currently simpler and less expensive to measure than creatinine. Specific gravity is an indicator of urinary osmolality; osmolality is considered the gold-standard measurement of soluble particle measurements in urine but urine osmolality has not been widely used in epidemiology studies of phthalates. However, a recent NHANES study comparing osmolality to creatinine found a strong correlation between the two (Pearson r = 0.75) but reported that osmolality was less influenced than creatinine by socio-demographic or medical conditions (Yeh et al. 2015 ).
An alternative but less used method to account for urinary dilution is to collect 24-hour void samples on all participants to allow for assessment of phthalate levels on both a per-volume basis and as an excretion rate. However, this approach is often not feasible in large-scale epidemiology studies and, as described earlier, may not offer a large advantage when assessing exposure to phthalates (Preau et al. 2010) . A less invasive approach to estimating flow rate is to collect a single urine sample with detailed information on total void volume and duration since previous void. Although this latter method may also be associated with feasibility and recall issues in a large-scale study, it has been incorporated into NHANES laboratory protocols since the 2009-2010 study cycle.
Creatinine-corrected (e.g., nanogram of phthalate metabolite per gram of creatinine) or specific gravity-corrected phthalate metabolite concentrations may be useful for comparing biomarker levels between studies and possibly for calculating ICC or predictors of exposure. This approach may introduce bias, however, when assessing the relationship between exposure biomarker and a health outcome since creatinine, and to a lesser extent specificgravity, may be associated with other variables commonly associated with health outcomes of interest (e.g., age, sex, race/ethnicity, BMI). For this reason it has been recommended that studies using multiple regression analysis to estimate relationships between urinary biomarkers and a health outcome should model the urinary exposure analyte concentration (e.g., phthalate) as an independent variable in the model with urinary creatinine added as a separate independent variable, thus allowing for the exposure analyte to be appropriately adjusted for creatinine independent of other variables associated with urinary creatinine concentration (Barr et al. 2005 ). The same advice should also hold for other dilution correction variables such as specific gravity or osmolality.
Two recent reports have additionally called attention to the potential issue of correcting or adjusting for urinary biomarker concentrations by creatinine in studies of outcome measures that are also associated with creatinine or urinary flow rate, such as BMI, waist circumference, or obesity Hays et al. 2015) . While there is still no consensus on this issue, results from studies of urinary phthalate metabolite concentrations in relation to these outcomes should be interpreted with caution. Additional research on optimal approaches to addressing the issue of urine dilution in studies of associations between biomarkers and different type of health effects are needed.
Free vs. Bound Metabolites
Most, if not all, epidemiologic studies to date that have utilized urinary biomarkers measured the concentration of the free plus glucuronidated species of phthalate metabolites (i.e., total concentration). However, because the metabolites are more bioactive than the parent diester, and the free form of the metabolite may be more bioactive than the glucuronidated form, it has been hypothesized that measurement of the free metabolite concentration may be a better metric of biologically effective dose (Silva et al. 2003) . To our knowledge, only two studies have measured free urinary phthalate metabolites in a human population previously (Meeker et al. 2012; Silva et al. 2003) . In the study by Meeker (2012) the median percentage of the total metabolite concentration present in the free form (%free) was highest for MEP (77%), followed by MCPP (59%), MCNP (58%), MCOP (47%), and MECPP (41%). The high %free for MEP was not unexpected since the more hydrophilic metabolites like MEP are more likely to be rapidly excreted in urine before undergoing phase II metabolism compared to more nonpolar and lipophilic phthalate metabolites (e.g., MEHP) (Silva et al. 2003) . Free fractions of MnBP, MBzP, and MEHP were rarely detected. Thus, it was concluded in this study that unless free metabolite concentrations are demonstrated to be a superior estimate of biologically effective dose in future studies, measurement of free in addition to total metabolite concentrations in large-scale studies may not be worth the doubling of effort and expense required to obtain this information.
Metabolite Summary Measures
Epidemiology studies of phthalates often examine a large number of metabolites due to the multi-analyte nature of the most widely used urinary phthalate metabolite assays. Various approaches have been taken or have been proposed to reduce the number of exposure variables in these analyses. These approaches include summing metabolites of the same parent compound (Boas et al. 2010; Meeker et al. 2009a; Sathyanarayana et al. 2014; Wang et al. 2013) , summing metabolites of "low molecular weight" and "high molecular weight" phthalates separately (Teitelbaum et al. 2012; Wang et al. 2013; Wolff et al. 2008) , summing all measured metabolites regardless of parent chemical (Dirtu et al. 2013) , or constructing global summary phthalate scores (Boas et al. 2010; Swan et al. 2005) . Additionally, the National Research Council has recommended devising a summary measure for all phthalates based on observed potency each phthalate has on a specific endpoint in experimental studies (e.g., binding to a receptor) similar to the TEQ system used for dioxins (NRC (National Research Council) 2008). While each of these approaches would successfully reduce the number of statistical comparisons tested, they each have important disadvantages. All of the simple summed measures assume similar biological activities and targets for the chemicals or metabolites being summed. However, this may not be a reasonable assumption, even when summing metabolites from the same parent phthalate if the monoester itself is the most biologically active form. Likewise, even when a more nuanced approach is taken to weight the toxicities of the individual metabolites being combined based on empirical data (e.g., a TEQ method), there is an assumption that the same basis being used for the weightings represents the most sensitive endpoint for each phthalate, in addition to assumptions for additivity of effects and dose-response shapes that are identical. Another disadvantage to all of these approaches is that if associations with health endpoints are only presented with respect to a group of chemicals, the results are difficult to use in the evaluation of individual chemicals included in the summary measure. Future studies should consider modern statistical techniques to account for false positives rather than using the approaches described above, with an eye toward current methods that are not overly conservative due to assumptions of independence between all comparisons and that appropriately balance false positives and false negatives. In general, having access to results on individual chemicals and metabolites is a benefit to those individuals or groups charged with making decisions and describing the weight of evidence. The availability of such data allows the evaluation of the patterns of associations between a chemical and a health endpoint across studies, taking into account the differing research study designs, populations, and methods.
For phthalates with more complex metabolic pathways, examination of metabolites from a shared parent compound may have utility for other purposes as well. It has been proposed that the ratio of MECPP to MEHHP could be an indicator of duration since time of DEHP exposure based on the differences in half-lives between the metabolites (Lorber et al. 2011) . Further, because MEHP is bioactive and subsequent phase II biotransformation produces the more hydrophilic oxidized metabolites (Barr et al. 2003; Silva et al. 2003) , it has also been proposed that the ratio of MEHP to all DEHP metabolites (referred to as MEHP%) could serve as a phenotypic marker of individual susceptibility to DEHP exposure since it may represent a person's relative efficiency to form the more hydrophilic and potentially less biologically active secondary metabolites (Hauser 2008; Meeker et al. 2012) . MEHP% tends to have a higher ICC than the individual DEHP metabolites (Adibi et al. 2008; Fisher et al. 2014; Meeker et al. 2012) , supporting the notion that it may be associated with individual metabolism, and there is evidence that pregnant women may have higher MEHP% compared to other populations (Cantonwine et al. 2014 ).
Additional Sources of Variability
There are a number of other potential sources of variability or error that are common to all studies that utilize biomarkers. These include a range of issues involving proper selection of sample collection, processing, storage, and analysis protocols to ensure the biomarker of choice is relevant to the question being asked, to ensure method sensitivity and selectivity, and steps to prevent and detect sample contamination. Methods for handling sample concentrations below the limit of detection in statistical analyses also need to be well thought-out; however, detection rates for most phthalates using the most common analytical method (liquid chromatography-isotope dilution-tandem mass spectrometry, LC-ID-MS/MS) are typically close to 100%, thus minimizing this issue.
DISCUSSION AND RECOMMENDATIONS
The number of epidemiology studies of phthalates which can inform and help update health risk assessments has grown rapidly in recent years. However, it is important that individual studies be interpreted in the context of their strengths and weaknesses, including how a study estimated phthalate exposure. Many of the exposure measurement issues discussed here for phthalates correspond to issues addressed in the "Biomonitoring, Environmental Epidemiology, and Short lived Chemicals" (BEES-C) instrument for studies of commonly encountered non-persistent chemicals described by (LaKind et al. 2014 ).
The measurement of phthalate metabolites in urine is currently the most accepted method for assessing exposure in epidemiology studies. Strengths of this approach are the wide availability of sensitive analytical methods, the specificity for most phthalate metabolites to represent a specific parent chemical, longer biological half-lives of monoester metabolites compared to the respective phthalate diester typically measured in serum and reduced likelihood of contamination or enzymatic activity compared to measuring the parent chemical or metabolites in other matrices, the availability of information on temporal variability, and evidence for correlations with phthalate concentrations in blood. Limitations of this approach include considerations of half-lives on the order of hours, the need to account for urinary dilution (as well as uncertainty as to the most appropriate method to use for urinary dilution), metabolite concentrations measured in urine which represent only an approximation for the dose at the target site, and the inability for a biomarker measure alone to provide information on route of exposure needed for risk management. Studies assessing the sensitivity and specificity suggest that a single measure may be able to reasonably predict longer-term exposure categories (i.e., up to several months, with limited data out to a couple of years) for certain phthalates. However, the collection of additional samples would improve sensitivity, and investigators should strive to conduct studies that collect multiple samples for measurement of phthalate metabolites throughout the exposure window of most relevance to the outcome of interest. Notably, the variability in phthalate exposure associated with individual behavior changes with age, coupled with the reformulation of phthalate-containing products over time, most likely preclude the ability of a single biomarker measure to approximate an individual's exposure over the course of several decades or even a lifetime.
Since the time of day that urine samples are collected is also associated with metabolite concentrations of certain phthalates, investigators may consider collecting urine samples within carefully selected time windows during the day, if possible. In addition, since there is currently no consensus on the most appropriate method to adjust for urinary dilution, investigators should record information on duration since participant's previous urine void and total void volume for spot samples where feasible. Since this may not be feasible in many large-scale studies, investigators should present results from sensitivity analyses that use different methods for urinary dilution adjustment with the data available.
In conclusion, the measurement of urinary metabolite concentrations in urine could serve as a valuable approach to estimating exposure to phthalates in environmental epidemiology studies. However, careful consideration of the strengths and limitations of this approach when interpreting study results is needed.
HIGHLIGHTS
• Comprehensive review of exposure assessment topics pertinent to seven phthalates.
• Trends in population exposures vary by country and phthalate.
• Spot urine samples may be predictive of phthalate exposure throughout one day.
• Greater temporal reliability has been reported for shorter-chain phthalates.
• Additional research on optimal methods for urinary dilution correction is needed. Intraclass correlation coefficients (ICC) based on repeated spot or first morning urine samples by sampling time for phthalate metabolites of DEHP (MEHP, MEOHP, and summed metabolites) and DINP (MCOP, MINP, and summed metabolites) Table 3 Correlations between phthalate metabolite concentrations in maternal urine collected during pregnancy and concentrations in cord blood or breast milk Table 4 Correlations Among Urinary Concentrations of Phthalate Metabolites 
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